The Mount Charlotte quartz vein gold deposit comprises a series of steeply plunging, pipelike vein stockwork orebodies in massive metagabbro. The orebodies are strata bound to the most differentiated unit of the host sill and are typically adjacent to major steeply dipping faults that cut the sill. The stockworks have two sets of veins with a dihedral angle of about 50°that developed as hydraulic fractures, filled simultaneously, and are generally approximately equally developed. Veins crosscut major faults and parallel minor faults of two sets but are cut along reactivated fault surfaces. The fault sets were inactive during mineralization and are neither veined nor are loci of zones of intense alteration. Rare faults of a third set are in part veined and are loci of zones of mineralization. Two interpretations of the stress regime during vein formation are based on different models of fracture formation. For both stress regimes, the major fault sets are relatively unfavorably oriented for slip or dilation, and predicted movement vectors do not fit fault-plane lineations. The lack of fault activity during ore fluid flow promoted formation of vein stockworks at Mount Charlotte rather than shear zone or fault-hosted veins. Fluid flow paths and orebody siting are controlled by stress-guide effects due to the rheology of the host gabbro, and by the three-dimensional geometry of impermeable faults and of fault-bounded blocks of rock. O values of vein quartz and altered rock were interpreted as reflecting fluid flow from the bounding faults into the stockworks (Golding et al., 1990) . However, lateral and vertical zonation of alteration facies at relatively deep levels in the deposit suggests that the focus of fluid flow was not along the faults (Mikucki and Heinrich, 1993) .
Introduction
EPIGENETIC lode and quartz vein gold deposits are formed from hydrothermal fluids that have been strongly channeled along fractures in metamorphic and magmatic rocks. Most are hosted by shear or fault zones in which there is evidence that fluid flow was synchronous with deformation along the host structure (Hurst, 1935; Robert and Brown, 1986) . A number of authors have argued for a critical role of faults and shear zones in promoting hydrothermal fluid flow at these deposits (e.g., Cox et al., 1991) . The Late Archean Mount Charlotte deposit in the Kalgoorlie gold field, Eastern Goldfields Province, Yilgarn craton, Western Australia, is an example of a stockwork deposit, in which ore is dominantly hosted in massive rock and is associated with arrays of regularly oriented veins within pipe-shaped orebodies. Although the orebodies are adjacent to and in part delimited by faults, the faults do not host orebodies. In this paper, we explore the question of why fluid flow at this deposit was along fractures in massive rock rather than along shear or fault zones, and use the structural model we develop to understand the siting and form of vein stockworks within the deposit.
The Mount Charlotte deposit is situated toward the northern end of the Kalgoorlie gold field (Fig. 1) . The deposit is composed of a number of closely spaced, steeply plunging, pipe-shaped orebodies (Fig. 2 ) that have been mined as one operation. Large-scale mining at Mount Charlotte commenced in 1962, with production to date of over 80 metric tons (t) of gold from 20 Mt of ore using underground bulk-mining techniques, and with development to about a 1,200-m depth (see Bischoff and Morley, 1993) . The deposit is the largest of a number of vein stockwork deposits in the gold field (see Clout et al., 1990) . These stockwork deposits have a different chemistry and mineralogy from that of the lode-style deposits at Kalgoorlie, of which the Golden Mile is the major example, and geological evidence shows a later time of formation (summarized by Clout et al., 1990) . From Ar-Ar dates, Kent and McDougall (1995) interpret mineralization ages of 2602 ± 8 Ma at Mount Charlotte and 2629 ± 9 Ma for the Golden Mile. Haycraft (1965) first described the stockwork nature of the Mount Charlotte deposit and showed that there are two major orientations of veins and that the orebodies are adjacent to north-south-trending faults. Travis et al. (1971) described the strong lithological control on the siting of the deposit within the host metagabbro, the Golden Mile Dolerite. Aspects of the mineralogy of wall-rock alteration, and of the chemistry and isotope chemistry of the deposit, have been studied by Clark (1980) , Golding et al. (1990) , and Mikucki and Heinrich (1993) . These works, and the study of fluid inclusions by Ho et al. (1985) , show that the conditions of deposit formation are typical of mesothermal gold deposits at temperatures of 320°to 380°C and pressure of 2 to 3 kbars. Gold deposition has been modeled as due to wall-rock reaction between sulfide-bearing fluid and Fe-rich wall rock (Neall, 1987; Mikucki and Heinrich, 1993) .
The structural controls on the siting and formation of these stockwork deposits, and in particular, the roles of depositbounding faults, have been discussed. At shallow levels in the Charlotte orebody, the most intense mineralization is adjacent to the Charlotte fault (Haycraft, 1965) . Travis et al. (1971) suggested that the veins were tension fractures related Lithological and Structural Controls on the Form and Setting of Vein Stockwork Orebodies at the Mount Charlotte Gold Deposit, Kalgoorlie* to fault movement. Clark (1980) and Clout et al. (1990) followed this suggestion and argued that the stockwork veins formed synchronously with late stages of movement on the faults. Clark (1980) further argued that the veins have features typical of hydraulic fractures. Scott (1997) suggested that the formation of two sets of quartz veins was due to high fluid pressures where stress orientations were periodically reoriented after fault slip. Variations in ͳ
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O values of vein quartz and altered rock were interpreted as reflecting fluid flow from the bounding faults into the stockworks (Golding et al., 1990) . However, lateral and vertical zonation of alteration facies at relatively deep levels in the deposit suggests that the focus of fluid flow was not along the faults (Mikucki and Heinrich, 1993) .
Structural controls on vein formation, and the role of the faults in the environs of the deposit on fluid flow and hence on orebody siting and form, are investigated here using earlier structural data, new data from exposures on the 25, 26, 28, and 29 levels of the mine (approx 750-900 m depth) in the Charlotte and Charlotte Deeps orebodies, and data from exploration drill cores (for fuller details, see Mengler, 1993) .
The Geologic Setting and Nature of the Mount Charlotte Deposit

Regional and mine-scale geologic setting
A complex fold dome of the Late Archean succession of the Norseman-Wiluna greenstone belt is exposed in the Kalgoorlie gold field (Fig. 1) . The lower units are dominantly mafic and ultramafic lavas. These are overlain by the Black Flag beds, a thick sequence of felsic volcanic rocks and volcanoclastic sediments (Woodall, 1965; Swager et al., 1990) . Sill-like gabbroic bodies have intruded the sequence, especially the mafic-ultramafic portion (e.g., Witt, 1995) .
The host rock at Mount Charlotte is the Golden Mile Dolerite, an approximately 800-m-thick, differentiated, Fe-rich tholeiite gabbro sill or partially extrusive flow (Golding, 1985) , continuous over at least 20 km of strike near the top of the mafic volcanic sequence. The Golden Mile Dolerite is divided into ten units (Travis et al., 1971 ) reflecting differentiation, and possibly, multiple injection of magma (Bateman, 1997) . Its emplacement is bracketed between 2692 ± 4 and about 2678-2670 Ma by ages for the mafic volcanic sequence (Campbell and Hill, 1988) , and by U-Pb in zircon dates of the overlying Black Flag beds volcanic rocks and porphyry dikes at Mount Charlotte (Kent and McDougall, 1995; Nelson, 1995; Yeats and McNaughton, 1997) .
A number of workers have described the structural evolution of the gold field (e.g., Boulter et al., 1987; Mueller et al., 1988; Swager, 1989; Clout et al., 1990) , with general agreement on the sequence of events but not on exact assignment of deformation phases. There are two phases of tight to isoclinal map-scale folds. Major early faults are axial-planar to the first phase of folds. These are cut by regional northwestto north-northwest-trending shear zones approximately axialplanar to the second-phase folds, and a prominent set of dextral north-south-trending faults oblique to the trend of the lithology ( Figs. 1 and 2 ). The Golden Mile Dolerite has had the same deformation history as the host sequence.
Regional metamorphism is middle-greenschist facies (Binns et al., 1976) , but all mafic rocks in the mine area are carbonate bearing, and the typical assemblage in gabbro remote from orebodies is chlorite + calcite + albite + quartz + magnetite. This assemblage was termed "regional alteration" by Travis et al. (1971) but is most likely a distal affect of gold-related alteration (Phillips, 1986) . Gold-related alteration assemblages overprint the metamorphic assemblages (Travis et al., 1971) .
The Golden Mile Dolerite at Mount Charlotte strikes northwest and dips steeply northeast. It generally lacks a penetrative structural fabric. Unit 8, 100 to 200 m below the stratigraphic top of the sill, hosts most ore. This unit is medium grained with quartz plagioclase granophyric intergrowths and interstitial chlorite; it is the most differentiated zone, with the lowest mafic mineral content (e.g., Golding et al., 1990) . Ore locally extends into the adjacent finer grained, feldspar-porphyritic unit 7, the coarse-grained, partly ophitic basal part of unit 9, and across faults into unit 4 (Fig. 2) . The only other rock type exposed in and around the orebodies is quartz-albite felsic porphyry. Steeply dipping porphyry dikes up to 10 m thick crosscut the gabbro sill and are also mineralized.
Nature of the Mount Charlotte orebodies
The orebodies at Mount Charlotte are pipelike, up to 50 by 150 m in cross section, and plunge steeply northwest over up to 800 m. Each body is essentially confined to a faultbounded block of unit 8 of the Golden Mile Dolerite. The Charlotte and Charlotte Deeps orebodies are in the footwall of the north-south-trending Charlotte fault and are, respectively, above and below the moderately dipping, northweststriking Flanagan fault; the Reward orebodies are between the Reward and Maritana faults. Orebodies are more extensive immediately beneath the Flanagan fault (Fig. 2) .
The stockwork veins have an average spacing of about 1 m in the cores of orebodies, increasing to more than 2 m at edges. Gold occurs predominantly in pyrite-or pyrrhotitebearing altered gabbro around the stockwork veins, and to a lesser degree, as free gold in the veins and along vein margins (Clout et al., 1990) . The veins contain quartz (>90%) with minor pyrite, scheelite as clots, and calcite and albite as linings along vein rims (Clark, 1980; Mikucki and Heinrich, 1993) .
Symmetrical alteration halos around veins contain an inner, bleached quartz + sericite (+ albite) + ankerite + leucoxene + pyrite (+ pyrrhotite) zone, a semibleached intermediate zone, and an outer chlorite + calcite + magnetite zone (Clark, 1980; Mikucki and Heinrich, 1993) . The average thickness of the inner, bleached zone varies systematically through the orebodies. It is typically 10 to 50 cm around isolated veins at the edges of bodies, is relatively thin in unit 9 in the Northern orebody but is generally thicker in the cores of major bodies, such that halos of individual veins overlap to give continuous blocks of mineralized rock.
Structural environment of the Mount Charlotte deposit
In addition to the stockwork veins described in a later section, the following structures are present in the environs of the deposit (Figs. 3 and 4) .
Flanagan fault set: These are moderately west-to southwest-dipping shear zones and faults with reverse offset indicated by slickenlines and separations. The faults extend the near-vertically dipping sill. The largest at Mount Charlotte is the Flanagan fault, which offsets the layers of the dolerite by approximately 150 m. The fault is a brittle-ductile reverse shear zone about 2 m wide with a 2-cm central zone of intensely foliated rock. Mineral elongation lineations are downdip. Late reverse movement of up to 2 m occurred on a discrete chlorite-lined brittle fault surface within the fault zone between the 24 and 26 levels. Minor shear zones of the set are exposed throughout the underground workings. Most have a spaced to pervasive foliation defined by chlorite and magnetite, and many are filled in by veinlets of microcrystalline quartz + calcite + chlorite.
Charlotte (or Oblique) fault set: These are members of the regional north-south-trending set, oblique to the strike of the Charlot te fault F l a n a g a n f a u l t NE-dipping shear
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Charlotte fault set Golden Mile Dolerite. All major faults dip steeply west or vertically and show dextral separations of the Golden Mile Dolerite stratigraphy; on the Charlotte fault by approximately 400 m. Slickenlines pitch at a shallow angle to the south. The fault zones are relatively complex with mylonitic and cataclastic fabrics, and zones of brecciation, in the case of the Charlotte fault over a width of 1.5 to 2 m. Latest structures within fault zones are chlorite-lined discrete fault surfaces. Minor faults and fractures of the set are common, especially within about 50 m of major faults. Minor faults are discrete planes or zones up to tens of centimeters wide with a stringy chlorite foliation, and in some cases, fault-parallel quartz veinlets. Late fracture surfaces are chlorite filled. Major faults of the Charlotte set cut major Flanagan faults, but the converse relationship occurs between some minor faults of the sets.
Northeast-dipping shear zones: These are rare. One is exposed on the 24 and 29 levels of the mine. This shear zone has a mean dip of 45°to 047°, has textures similar to those of the Flanagan fault, is about 5 to 7 cm wide, and is followed along much of its exposed length by buck quartz veins. Minimum reverse offset of a porphyry dike is 3 m.
Northeast-trending chlorite-lined fractures: These are locally developed networks of subvertical fractures, typically in zones 20 to 30 cm wide adjacent to major faults. Displacements along these fractures are never more 1 to 20 cm.
Breccia veins: These occur as generally podiform volumes of rock up to 2 m wide of subangular fragments of brecciated gabbro with coatings on clasts and a matrix formed of concentric layers of carbonate, sparry calcite, and microcrystalline quartz. Irregular veins extend away from the breccias. On the 29 level, breccia pods define a zone toward the top of unit 8 parallel to the lithological trend (Fig. 3) .
Quartz-calcite shear veins: These are laminated, multiplefill phase veins up to about 5 cm wide that follow shear zones. They have no visible alteration halos, and those distant from quartz stockwork veins are sulfide free. Most commonly they follow faults of either the Flanagan or Charlotte sets; more rarely they are moderately to steeply southeast dipping. These veins cut the felsic porphyry dikes.
Geometry and structures of stockwork veins
The stockwork veins are generally near planar or are made up of planar segments with abrupt small changes in dip angle (Fig. 5a ). Individual veins can be traced in some cases over greater than a 50-m strike, are typically 5 mm to 30 cm thick, tapering toward terminations, generally without splays or changes in orientation, or more rarely splitting. In most cases there is no fracture extending beyond the tip of a vein.
Two veins sets are immediately apparent in most exposures in the orebodies; steep northwest dipping, and flat shallow northwest to north dipping (Fig. 5b and c; Clark, 1980; Clout et al., 1990) . Structures of the same orientations have not been recorded outside the orebodies. The two sets are definable for the deposit as a whole, are approximately equally developed, and dip on average respectively 70°and 20°, although with some scatter (Fig. 6 ). Vein sets are slightly refracted, and one set is typically dominant within 2 to 5 m of major faults. Where veins extend into unit 9 of the Golden Mile Dolerite, there is a single vein set parallel to the acute bisectrix of the two sets in the main part of the ore body (Fig.  6 ).
Vein quartz is generally massive, coarse grained and bucky, with little internal deformation (e.g., Bischoff and Morley, 1993) . Vugs up to about 50 cm in their long dimension, with euhedral quartz crystals coated with chlorite, are present locally in the center of veins, especially along flat veins in upper levels of the deposit. In the Charlotte Deeps orebody, quartz fill locally thins or pinches out and is replaced by pods of pyrite and chlorite. Albite and calcite along vein margins often have comblike euhedral terminations. Although buck quartz is dominant, fibrous quartz perpendicular to vein margins and crack-seal textures are present in localized patches along vein margins (Fig. 5d ). Vein filling is interpreted to have generally been syntaxial. Two to five generations of filling are recognized (Bischoff and Morley, 1993) , but if albite-calcite vein rims and chlorite lining of vugs are excluded, most veins have only one filling phase. Local crack-seal textures indicate localized partial sealing during filling (Fisher and Brantley, 1992) .
Textures at vein intersections show that the two sets developed and grew synchronously. There is no visible boundary between the quartz infill of most intersecting veins (Fig. 5b) . Where crosscutting relations occur, these are not consistent. Except where intersections are at near right angles, vein margins are slightly offset across intersecting veins, but always by less than the thickness of the crosscutting vein ( Fig. 5b and c) . In combination with vein textures, these structures indicate vein opening to a first approximation perpendicular to the vein margins of both sets. There is no foliation along vein margins or indications of vein-parallel slip. veins continue into the fault zone, refract to near perpendicular to the foliation, and generally taper out within the fault zone. A few veins extend across the zone (Fig. 5e) . These crosscut the main fault foliation without evidence of deformation (Fig. 5f ). Thin foliation-parallel quartz-calcite veins are present on some areas of the fault and are cut by the stockwork veins. At the base of the Charlotte orebody (24-26 levels), stockwork veins are cut and offset by up to 2 m along a discrete chlorite-lined fault plane within the Flanagan fault zone. Minor faults of the set are always sharply cut by stockwork veins.
Geometric and textural relations between stockwork veins and other structures
Faults of the Charlotte set: The majority of stockwork veins taper out between 2 to 10 m of the Charlotte fault. Veins that continue into the fault zone cut the foliation through much of the zone but are fragmented, cut, and displaced along the late, discrete chlorite-lined fault planes and zones. Apparent displacements of veins are sinistral, with a minimum separation of 5 m on the 29 level. Except in the Northern orebody above the 5 level, veins do not follow the fault zone or a discrete fault plane within the zone. Minor faults of the Charlotte set generally cut veins (Fig. 5c) , or more rarely, the veins cut the fractures. There is evidence along some minor faults of movement before and after vein formation; the veins cut some fracture surfaces and fault-parallel veinlets but are displaced along discrete surfaces, in a fashion similar to that of the Charlotte fault.
Northeast-dipping shear zones: At the southern end of the workings on the 29 level, a northeast-dipping shear zone was exposed. A quartz + calcite + pyrite + scheelite vein with rare free gold follows the middle of the zone and is rimmed by a bleached alteration halo a few tens of centimeters wide. This vein is laminated with zones 2 to 10 mm wide of undeformed quartz or calcite separated by zones of dynamically recrystallized quartz. The latest structures in the zone are chloritefilled fractures along the vein margins. Farther north, nearer the core of the orebody, the shear zone is steeper dipping and is not veined, although the surrounding rock is intensely altered, possibly due to proximity to stockwork veins. Relations of stockwork veins to the shear zone were not exposed.
Northeast-trending fractures:
In all cases fractures of this set cut stockwork veins and fragment the vein quartz along chlorite-lined fractures.
Breccia veins: Most stockwork veins taper out toward these breccias, or deflect (Fig. 5g) , but some cut the breccia vein system. The zone of breccia veins on the 29 level has a relatively low stockwork vein density and gold grade (Figs. 3 and  7) .
Quartz-calcite shear veins: These veins are in all cases crosscut by stockwork veins and associated alteration halos (Fig. 5h) .
Relations between orebodies and major structures
The spatial relations between the major faults and the orebodies was investigated by measuring the vein density on a typical level (29 level) of the Charlotte Deeps orebody and comparing the vein density with gold grade (Fig. 7) . Numerical vein density on the 29 level ranges up to greater than 1 m -2 , which is equivalent to 3 to 5 percent by volume vein material. Vein density correlates with lithology, with a maximum in a zone along the middle of unit 8. Density is highest 10 to 100 m from the Charlotte fault and drops off sharply across the fault into the hanging wall, which is here formed of unit 4. Vein density is relatively low around breccia veins in southern half of the orebody. Gold grade generally correlates with vein density (Fig. 7) . The correlation is weakest close to the Charlotte fault where localized volumes of rock with high densities of steeply dipping veins have a relatively low gold grade.
The nature and distribution of alteration in the Charlotte and Flanagan fault zones was studied to investigate whether the faults were ore fluid pathways. Fault zone rock of the Flanagan fault has either inner pyrite-or pyrrhotite-bearing assemblages similar to those around stockwork veins, or outerzone, regional chlorite + calcite + magnetite assemblages. Pyrite has two habits: medium-grained cubes, and finegrained ribboned aggregates aligned parallel to the fault foliation. Textures at the alteration front show that the ribbonpyrite is pseudomorphous after aligned chlorite. Assemblages , 10, and 15 percent per 1 percent area. Note the two equally developed sets in the core of the orebody, the dominance of steeply dipping veins adjacent to the Charlotte fault (area f), shallowly dipping veins adjacent to the Flanagan fault (area e), and a single set parallel to the acute bisectrix of the conjugate sets in unit 9 (area a, and less well marked in area c).
in the Charlotte fault zone are similar. Foliated rock with no visible sulfides has aligned chlorite. The cataclasite marking the main zone of movement on the 29 level has clasts of magnetite, leucoxene, and quartz in a fine-grained matrix of chlorite and quartz. In bleached rock, the foliation is formed of sericite in a quartz-carbonate matrix.
The distribution of alteration assemblages on the Charlotte fault shows that the fault zone adjacent to Charlotte orebody is only altered to pyrite (+ pyrrhotite) + ankerite + sericite (+ albite) + quartz along a single north-plunging zone midway down in the body (Fig. 8a) . The fault is straddled by the Northern orebody at shallow levels and is here mineralized. The fault is also generally mineralized adjacent to the Charlotte Deeps orebody. Mapping of alteration on the Flanagan fault showed in contrast that the fault zones are generally part of adjoining orebodies (Fig. 8b) . However, although the fault separates the Charlotte Deeps and Charlotte orebodies (Fig.  2) , no continuous zone of proximal alteration and mineralization has been found along the fault surface between these bodies. At the northern end of the orebodies, splays of the Flanagan fault enclose a 2-to 3-m-thick slice of unit 8 that spans the gap between the orebodies. This slice is pervasively bleached and mineralized, and forms a continuous channel of altered rock between the two bodies.
Structural Analysis
Structural history
The following is a structural history consistent with relations at Mount Charlotte:
1. Formation of breccia veins and intrusion of felsic porphyry dikes. The relative timing of these events cannot be determined.
2. Reverse movement on the Flanagan fault set. Formation of associated quartz-calcite shear veins.
3. Dextral movement on the Charlotte fault set with up to several hundreds of meters displacement, and local fault infill by quartz-calcite shear veins.
4. Reactivation of the Flanagan fault set. 5. Formation of northeast-dipping shear zones. These shear zones cut porphyry dikes, but there are no constraints on timing relative to faults of the Flanagan and Charlotte sets. Movement vectors suggest that the shear zones may be conjugates to the Flanagan fault set, but the dihedral angle of close to 90°makes this interpretation unlikely. As mineralized veins do not follow shears along their whole length, it is interpreted that they formed before mineralization and were reactivated during mineralization. 
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6. Mineralization, formation of stockwork quartz veins, and reactivation and vein infill of northeast-dipping shears. Through most of the deposit, there is no evidence of movement on the Charlotte fault sets during vein development. Thin, foliation-parallel quartz veins in the core of the Flanagan fault zone suggest fault opening at an early stage of mineralization, but as major veins cut the fault foliation and are undeformed, and as pyrite replaced the fault fabric, it is considered that this fault was also inactive during the major period of mineralization.
7. Reactivation of earlier structures, generally along discrete brittle fractures with chlorite infill. Most widespread movement was on faults of the Charlotte set. This late phase of movement is indicated by sinistral and normal displacement of stockwork veins. There was also localized reverse reactivation of the Flanagan fault. Northeast-trending fractures and chlorite infill of vugs in stockwork veins are also potentially related to late tectonic activity.
VEIN STOCKWORK OREBODIES AT MT. CHARLOTTE, KALGOORLIE
Interpretation of stress state in the Golden Mile Dolerite at the time of stockwork vein formation
From textural evidence it is interpreted that the two sets of stockwork veins formed simultaneously with an average dihedral angle of 50°. Deformation after stockwork vein formation was minor and did not significantly alter the geometry of rock units in the deposit. Veins do not follow earlier structures, except for rare northeast-dipping shear zones, and there is no evidence that there were fractures in either of the stockwork vein orientations before vein formation. In order to understand the origin of the vein stockworks and the behavior of structures in the deposits at the time of hydrothermal fluid flow, we first use the vein geometry to determine possible stress regimes during mineralization. Near-lithostatic to supralithostatic fluid pressures are assumed (e.g., Fyfe et al., 1978) , and also that the vein fractures formed by hydraulic fracturing (Clark, 1980) . Two stress regimes are presented based on different models of rock fracture. Stress refraction, in particular adjacent to fault zones, is considered the cause of subtle variations in vein orientation through the orebodies, but is not analyzed here.
Stress regime 1: This interpretation is based on the assumption that the stockwork vein sets are conjugate extensional-shear fracture sets (hybrid shear plus extension fractures), formed at negative effective normal stresses (e.g., Rickards and Rixon, 1983) . At Mount Charlotte, the orientation of principal stresses at the time of veining would be approximately; 1 plunges 47°toward 330°, 2 plunges 0°to-ward 060°, and 3 plunges 43°toward 150° (Fig. 9 ). This interpretation of the stress regime is supported by the orientation, perpendicular to the inferred 3 , of the single fracture set locally developed in unit 9. Formation of a single fracture set rather than conjugate sets in this unit was presumably a result of differing rheology, in particular, the shape of the failure envelope in the tensional field. Two aspects of the veins are not clearly explained in this model: the lack of evidence for vein-parallel shear at the time of fracture, and near-perpendicular opening vectors. Stress refraction after growth of finite fractures is a possible explanation of perpendicular vein opening (e.g., Pollard and Segall, 1987) .
Stress regime 2: The finite strain recorded by the vein stockworks suggests an alternative stress regime. Reconstruction of the veined mass based on perpendicular vein opening and little or no shear along vein surfaces indicates a major axis of extension parallel to the obtuse bisector of the veins and a minor axis of extension parallel to the acute bisector, with a strain ratio of about 4:1 (Fig. 9 ). There are no structures indicating length change in the third principal direction parallel to the intersection of the vein sets, and this is therefore taken to be small. The strain field recorded by the veins has therefore extension in two principal directions and is e 1 ≈ 4, e 2 = , e 3 ≈ 0 (where is an arbitrary strain dependent on vein density).
The theory of faulting in three-dimensional strain fields of Reches (1978 Reches ( , 1983 ) is extended here to explain conjugate sets of extension veins in this inferred strain regime. Reches assumed the presence of preexisting fractures and postulated that an applied strain is accommodated by slip so as to give minimum dissipation. In general three-dimensional irrotational deformation, four equally developed fault sets orthorhombically arranged about the principal strain axes are predicted. Aydin and Reches (1982) , Reches and Dieterich (1983) , and Krantz (1988) showed that experimental and field fault patterns fit the predictions. Although the theoretical analysis is for slip along preexisting fractures, deformation experiments (Reches and Dieterich, 1983 ) also show that orthorhombic fault patterns form in samples without visible preexisting faults.
Consider the analogous case of failure in tension. If applied strain involved extension in two principal directions, two fracture sets are required to take up the strain, not just one set perpendicular to 3 . If, further, the sets open equally to take up extensional strains e 1 and e 2 , they are geometrically constrained to be conjugate sets with a half dihedral angle () given by cot 2 = e 1 /e 2 . The principal stress orientations derived from the above argument are 1 at 0°toward 060°, 2 at 47°toward 330°, and 3 at 43°toward 150°, that is, 1 and 2 swapped compared to regime 1. This stress regime is consistent with perpendicular vein opening. It is also consistent with interpretations of the regional stress regime at the time of mineralization (Holyland, 1990; Swager et al., 1990) . The formation of a single vein set perpendicular to 3 in unit 9 is suggested to be a result of ductile deformation in this unit being sufficiently fast to take up e 2 strain.
Fault slip vectors
The most likely movement vector on the Charlotte and Flanagan fault sets under each model stress regime can be determined using the method of, for instance, Fry (1992) . In either stress regime, movement on the Charlotte fault set is predicted to be oblique-reverse, with a pitch of the slip vector of about 40°to the south on the fault plane. For stress regime 1, movement on the Flanagan fault set would be near pure sinistral strike-slip, and for regime 2, oblique-reverse with lineations pitching about 60°to the south. In no case is there a good fit between predicted movement directions and fault zone mineral or slickenline lineations. This analysis, the observations that veins either cut a fault foliation or are deformed along fault surfaces, and the lack of syntectonic growth of ore minerals in fault zones imply that faults of the Charlotte and Flanagan fault sets did not slip during vein formation.
Formation of stockwork veins
The vein stockworks at Mount Charlotte developed when two major fault systems in the host Golden Mile Dolerite were present but remained inactive or were only locally active. Models for stockwork formation which are based on a link with fault movement are therefore considered inapplicable (e.g., Travis, 1971; Scott, 1997 ). An alternative model for vein formation at Mount Charlotte is developed here using Mohr constructions for the two possible stress regimes. Failure is assumed to have been due to increased fluid pressure (Secor, 1965) . Mohr behavior is assumed, that is, failure when || = f(), where and are the shear and normal stresses on a plane (e.g., Jaeger and Cook, 1979) . This is implicit in the argument for stress regime 1. Stress regime 2 is constrained independent of Mohr behavior. However, as there is no failure criterion consistent with the model used (Reches, 1983) , this regime is discussed with the same principles. The failure envelope is assumed to have a form approximating that predicted from the Griffith failure criterion. Fault zone rocks are taken to have a cohesive strength of one-half to two-thirds that of massive gabbro, and a coefficient of friction slightly lower, based on data of Donath (1972) on the rheology of annealed foliated rocks. A stress ratio ( = ( 1 -2 )/( 1 -3 )) of 0.5 is assumed. This is unknown, but the relative favorability for failure of differently oriented structures is not affected by small changes in . The analysis is undertaken for the Charlotte and Flanagan fault sets, and for northeast-dipping shears, for which the exact orientation is considered.
For stress regime 1, the absolute values of the principal effective stresses are unknown but are constrained by assuming that the effective normal stress on planes that opened as extension veins was negative. The Mohr construction shows that the northeast-dipping fault is the structure most favorably oriented for reactivation, especially where it strikes relatively close to east-west (Fig. 10a) . The Charlotte and Flanagan fault sets are relatively poorly oriented for reactivation, and for the most likely relative values of cohesive strength, would not have been reactivated at failure of intact gabbro.
For stress regime 2, a linear relation between negative effective stresses and extensional strain is assumed (Fig. 10b) . The shape of the Mohr envelope is unconstrained as it need not be a tangent to any primary circle at the position of failure. However, the relative likelihood of reactivation of structures can be determined, and is little different from that of regime 1. The northeast-dipping structures are relatively dilatant, and there is good correlation between those segments VEIN STOCKWORK OREBODIES AT MT. CHARLOTTE, KALGOORLIE 95 0361-0128/98/000/000-00 $6.00 95 FIG. 10 . Qualitative three-dimensional Mohr diagrams of stresses on structures at Mount Charlotte at the time of stockwork vein formation: (a) for stress regime 1; (b) for stress regime 2. Normal and shear stresses on planes plot in the area between the three semi-circles that is contoured with respect to angle of the plane from 1 and 3 . The Flanagan and Charlotte fault sets are shown as fields. Squares = northeast-dipping shear zone, filled = mineralized, gray-tone = weakly mineralized, open = nonmineralized; thick dashed lines = schematic Mohr envelopes for intact rock and fault zones. For further details of construction, see Jaeger and Cook (1979, p. 29) . Assumptions: stress ratio = 0.5; 3 ≈ 4.6 2 for stress regime 2 (see text and Fig. 9) ; Mohr envelopes for faults have similar shapes but cohesive strengths one-half to two-thirds that of intact gabbro; Mohr envelope for intact gabbro in stress regime 1 is constrained by the 50°angle between vein sets; mineralized structures have tensional normal effective stress.
of the fault that are most favorably oriented and those that are veined. The Flanagan and particularly the Charlotte fault sets are relatively unfavorably oriented for reactivation.
Whichever of the two stress regimes was operative, the most likely values of fault cohesive strength are such that intact gabbro would have fractured under high fluid pressures before shear or hybrid extensional-shear reactivation of faults of either the Flanagan or Charlotte sets. This is taken as the critical factor promoting vein stockwork formation. The northeast-dipping shear zones were favorably oriented for reactivation, but structures in this orientation are rare and were presumably too discontinuous and widely spaced to provide significant permeability.
Discussion
Ore fluid movement at Mount Charlotte was dominantly along extension or extensional-shear hydraulic fractures that filled to form the stockwork veins. The limited extent of proximal alteration assemblages along the major fault zones that bound the orebodies is taken to indicate the equilibration of fault rocks with the ore fluids was limited and that the fault zones were insignificant channelways for these fluids. Fracture to form the stockwork veins was most likely independent of any phase of movement on the bounding faults and occurred instead of reactivation of the fault sets because of the unfavorable orientation of these faults in either of two possible stress regimes (cf. Sibson and Scott, 1998) . Rare northeast-dipping shear zones were active, with both dilation and shear, and were fluid channelways. The implications of this model to the siting of the ore deposits at Mount Charlotte and to fluid flow in quartz-vein gold deposits in general are considered below.
Orebody siting within the Golden Mile Dolerite
Ore at Mount Charlotte is almost entirely within unit 8 of the Golden Mile Dolerite in pipelike bodies with a high density of stockwork veins. Veins are most abundant in unit 8, and those that extend out of this unit generally rapidly taper out. Quartz veins also taper out toward earlier breccia veins and associated altered rock within unit 8. These observations imply that brittle extensional or extensional-shear fracturing was strongly favored in the relatively coarse-grained, quartz plagioclase-rich unit, as has been earlier recognized (e.g., Clark, 1980) . The restriction of fracture to unit 8 is here interpreted to have been due to stress-guide effects from the competency of the unit. In either proposed stress regime, 3 is subparallel to the lithological layering. In this stress orientation, fracture is favored in the most competent unit by both low mean stress and low 3 (Ridley, 1993; Holyland and Ojala, 1997) . The competent unit 8 would also have had the lowest effective stress, a factor that could have promoted the more extensive alteration around individual veins in the unit.
The orebodies are not continuous along strike in unit 8, but are confined to fault-bounded blocks or parts of blocks. The Charlotte and Charlotte Deeps orebodies are the largest and most continuous stockworks. From gold-grade distribution, vein density (this work), and the distribution of alteration facies (Mikucki and Heinrich, 1993) , the focus of fluid flow in these orebodies was typically 20 to 100 m from the Charlotte fault, that is, toward the end of a fault block. The Reward orebodies are in contrast centered in fault blocks. Models of stress distribution within fragmented competent layers predict fracture preferentially in the center of a block (e.g., Lloyd et al., 1984) . Factors that may have controlled the siting and strength of the Charlotte and Charlotte Deeps orebodies are the focusing of upward flux beneath the relatively shallowdipping, sealed Charlotte fault (cf. Skelton et al., 1995) , and the stress field effects from fault juxtaposition of unit 8 against significantly less competent unit 4.
The orebodies are relatively continuous downplunge, but are truncated at the Flanagan fault and are most extensive immediately below it (Fig. 2) . From the distribution of alteration (Fig. 8b) , it is interpreted that the Flanagan fault acted as an aquitard and that fluid communication between the Charlotte Deeps and Charlotte orebodies was dominantly through a fault-bounded slice of unit 8 of limited lateral extent and thickness, which would have acted as a constriction to fluid flow. Assuming steady upward flux through the deposit, a steep gradient of fluid pressure would develop across the constriction, and hence relatively low effective pressures below (Fig. 11 ). This is a potential explanation for the strong stockworks immediately below the fault.
On the deposit scale therefore, it appears that relatively subtle features of fault dip, spacing, and offset may be important controls on fluid flow. A full interpretation of orebody siting would thus require three-dimensional modeling of stresses and fluid flow in the fault and block geometry.
Comparisons with other vein-stockwork deposits in the Yilgarn craton
The Three Mile Hill deposit contains a single set of extension veins in one unit of a layered massive gabbro sill (Knight et al., 1996) . Conjugate vein sets in massive granite are important at the Granny Smith deposit, and the orientation of principal stresses inferred assuming that these are conjugate extensional-shear fractures has been shown to be consistent with regional stress fields (Ojala et al., 1993 F la n a g a n f a u lt level of low effective pressure
FIG
. 11. Schematic model of fluid pressure in a vertical section through Mount Charlotte during mineralization. Upward movement of fluid from the Charlotte Deeps to Charlotte orebodies was predominantly through a faultbounded slice of unit 8. This will be a constriction to flow because of its extent and thickness. With steady flux, relatively low effective pressures develop below the Flanagan fault. discrete structures. The veins are typically at a high angle to the structures, for instance, perpendicular to bedding and foliation in banded iron-formation at Santa-Craze (Newton et al., 1997) , to fold hinges at Copperhead and Nevoria in the Southern Cross greenstone belt (Ridley et al., 2000) , and to lenticular bodies of relatively competent rock in a penetratively foliated sequence at the Paddington deposit (Hancock et al., 1990 ). Vein array, or vein-stockwork deposits that are not hosted by a shear or fault zone thus form a minor but significant style of the gold deposits in the Yilgarn craton. In most of these deposits, one fracture set formed, presumably as extensional fractures perpendicular to 3 . Conjugate sets appear to be rare, probably because they require either relatively unusual stress conditions, with two negative effective principal stresses (stress regime 2), or a rock rheology which favors intersection of the failure envelope oblique to (stress regime 1).
Implications for models of fluid flow in lode gold systems
The model proposed here for the Mount Charlotte deposit has potential significance for hydrothermal fluid flow at other lode and quartz vein deposits.
1. Fluid flow was a late event in the local structural history, after almost all structures at the deposit and the local terrane were developed. Although most structures were not channelways for fluid flow, the total structural geometry controlled the siting and nature of the orebodies. This point is implicit in stress-modeling technology (e.g., Holyland and Ojala, 1997) , which has been used to show that deposit siting on a regional scale can be understood through numerical simulation of stress fields in the host-rock sequence.
2. At least within the confines of a deposit, fluid flow need not be a direct consequence of movement along faults or shear zones in the environs. A link to fault movement at deeper levels cannot be ruled out but would be speculative.
3. The permeability necessary for through flow of hydrothermal fluids need not come through active deformation along shear zones and faults. Permeability at Mount Charlotte was the result of fracture induced in tectonically stressed rocks by ore fluids at high pressure, in a way similar to that proposed for the formation of fault-fracture meshes by Sibson and Scott (1998) .
4. Mineralized structures may not have formed in the tectonic regime of the time of mineralization. The northeast-dipping shears at Mount Charlotte were formed in an earlier deformation phase and became included in the deposit essentially by chance. In many fault or shear zone-hosted deposits in the Yilgarn craton and elsewhere, there is evidence that veins formed late in the deformation history of the host structures (e.g., Andrews et al., 1986; Robert and Brown, 1986; Vearncombe and Hill, 1993) , implying fluid flow into preexisting structures. By analogy with the model here for Mount Charlotte, some of these shear and fault zones could have formed in an earlier phase of deformation, have been favorably oriented for reactivation, and give limited direct information about the tectonic regime during mineralization.
